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ABSTRACT

Accurate multi-spectral, multi-angle polarimetric measurements are a key remote sensing tool for the

determination of the burden and microphysical properties of atmospheric aerosols and, as an adjunct, for the correction

of these atmospheric effects in spectroradiometric remote sensing applications. This paper describes the performance

of the Research Scanning Polarimeter (RSP), provides examples of using the RSP for aerosol remote sensing, and

assesses the potential synergy between spectroradiometric and polarimetric measurements.
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1.  INTRODUCTION

An inherent problem in remote sensing applications is the variation of the intervening atmosphere during imaging

and spectro-radiometric measurements.  Constituent gases and aerosols in the optical viewing path of remote sensors

change temporally and with range, illumination, and viewing angle. These atmospheric constituents affect images and

contaminate the spectral signatures of objects being observed.  Correcting for the intervening atmospheric is typically

done via post-processing of recorded data, using ground based photometric illumination measurements, and applying

generalized atmospheric-model corrections via “standardized” software to derive the final “reflectance” data set.

These processes provide some correction, but cannot precisely account for the specific effects of the actual aerosol that

is present. The nature and magnitude of these effects depends strongly on the aerosol characteristics in the viewing

path.

What is needed is a sensor (polarimeter) capable of measuring the scene polarized radiance to accurately 

characterize atmospheric aerosols and determine the concentration (optical depth), size distribution and chemical

composition (refractive index) of the aerosols in the optical path. The use of such a sensor in tandem with imaging and

spectro-radiometric measurements will allow for the suitable correction of datasets for the effects of intervening

atmospheric aerosols.

This paper describes SpecTIR’s RSP design and performance, aerosol detection and characterization processes

and performance, and results obtained using the RSP with simultaneous hyperspectral imaging.  Potential opportunities

and enhancements for the future are discussed in the final sections.

1.1 Background

The remote sensing of tropospheric aerosols relies on reflected solar radiation that is, in general, polarized and

contains embedded information about the intrinsic nature of aerosol particles as well as the underlying surface.  Some

of this information is accessible through standard remote sensing techniques that utilize changes in the intensity of 

reflected solar radiation with wavelength and viewing geometry.  However, a complete picture of the aerosol

microphysical state is only available through the measurement and analysis of the spectral and angular polarization

signature of the reflected radiation.  There are also instrumental calibration advantages in making polarization

measurements. The accuracy of aerosol retrievals using intensity-only measurements is largely determined by the

absolute radiometric calibration. In contrast, it is only necessary to provide an accurate relative calibration to ensure

very high polarimetric accuracy. This has allowed polarimetric remote sensing of aerosols to be performed with an

accuracy that allows the intrinsic information content of polarization measurements to be realized.
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SpecTIR, with internal investment and under contract to Columbia

University, has developed and operated an airborne RSP for

atmospheric studies under the sponsorship of the NASA Goddard

Institute for Space Studies (GISS) science teams.  The RSP served as 

the prototype for the UnESS spaceflight instrument proposed for

International Space Station observations and, more recently, the RSP 

has demonstrated compliance for the mission of the NPOESS aerosol

polarimetry sensor and the retrievals of aerosol and cloud 

environmental data records.  The RSP has demonstrated that a 

carefully designed polarimetric instrument can make measurements of

polarization with an accuracy that allows the very high information

content regarding aerosol properties to be realized.  The scientific

requirements for the polarimetric measurements are satisfied by the

RSP through its high measurement accuracy, a wide range of viewing

angles measured and sampling of the spectrum of reflected solar

radiation over most of the radiatively significant range.

2.  REARCH SCANNING POLARIMETER

The RSP (Figure 2.1) measures scene linear polarization at four 

polarization azimuths and in nine spectral bands simultaneously.

Scene viewing begins with the polarization-compensated scanner collecting a swath of contiguous instantaneous field

of view (IFOV) samples (sectors) over a scene field of view (FOV) range of over 90°.  The scanner output is directed

towards three pairs of boresighted optical assemblies that provide the IFOV definition, polarimetric and spectral

separation, and relay the resultant optical beams onto pairs of photodiodes.   The individual optical assemblies are 

mounted rotated by 45° in azimuth to each other and in this manner scene linear polarization components are measured

simultaneously at azimuths of 0° and 90° and at 45° and 135°.  Each paired optical assembly services three spectral

bands for a total of nine spectral bands, and this provides 36 simultaneous signal measurements for each IFOV. In this

manner, “false polarization”, introduced from scene spatial variations in instruments that lack such simultaneity

provided by the RSP design, is avoided.  This configuration provides simultaneous scene measurements of the Stokes

parameters I, Q and U, Q by one optical assembly of a pair, U by the other, and I independently by both.

Figure 2.1:  RSP; Scanner on the left and Dewar 

on the right 

With the RSP oriented to scan in an along-track mode, as the aircraft travels, the same area on the ground is seen 

from multiple view angles. During the course of a scan, scene samples, calibration samples and dark reference samples

are collected.

Figure 2.2 is a side view

of a visible/near infrared

(VNIR) telescope optical

assembly, showing telescope

and collimator assemblies,

Wollaston prism, dichroic

beamsplitters and mirror,

relay lenses, bandpass filters,

and protective windows. Short

wave infrared (SWIR) optical

assemblies are functionally

similar to that of the VNIR

except for optical material

changes required for different

spectral region and detectors 

are housed in a vacuum vessel

to facilitate cooling.

Figure 2.2:  RSP VNIR Optical Assembly

In the VNIR spectral region blue enhanced silicon photodiodes provide scene measurements in six spectral bands

centered at 410, 470, 555, 670, 865 and 960nm.  Similarly, in the SWIR, HgCdTe detectors support measurements in

three spectral bands centered at 1590, 1880 and 2250nm.  To achieve optimal noise performance, the SWIR detectors
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are cooled to less than <165K using a dewar of

liquid nitrogen.

13.4"

8.4" (21.4 cm)

4.4"

11.1" (28.2 cm)

(34.1 cm)

(11.2 cm)

POWER SUPPLY MODULE

MID MODULE

UPPER MODULE

ELECTRONICS
MODULES (3)

B1A2

A1

S2 S1

B2

S1

A2
B2

S2

A1
B1

VNIR OPTICAL 
ASSEMBLY (4)

SWIR OPTICAL 
ASSEMBLY (2)

VACUUM
VESSEL

SWIR DETECTOR 
ASSEMBLY (6 )

COLD REFERENCE 
ASSEMBLY

Figure 2.3:  Cutaway View of RSP 

Figure 2.3 is a cutaway end view of the RSP

showing the three pairs of optical assemblies

(S1/S2, A1/A2, B1/B2) used for simultaneous

polarization measurements.  Dual-channel

preamplifiers are located near each detector pair and 

the rest of the RSP electronics is contained within

three stacked, internally interconnected modules.

The electronics provides: the amplification of the

signals detected by the 36 detector channels and the

sampling and 14-bit analog-to-digital conversion of 

the resultant signals. Data are stored each scan from 

214 sectors (including scene, calibrator and dark

reference sectors together with instrument status

data) and transmitted to a computer for storage.

The average data rate is 20 kbytes/sec for readout of

the 36 signal channels and status data for a scan rate

of 71.3 rpm.  This scan rate results in an IFOV

dwell time of 1.875 msec and yields contiguous

(scan line-to-line) coverage at nadir for an aircraft

traveling at a V/H ratio of 0.017 sec-1.

2.1 RSP calibration and performance

Overall RSP performance is reliant on the sensor being fully characterized during the fabrication and assembly

process and the availability of calibrated data every scan from the inflight calibrator.  RSP performance is summarized

in Table 2.1.

Inflight Polarimetric calibration:  The inflight polarimetric

calibrator (patent pending), see Figure 2.4, permits

accurate relative responsivity measurement of channels

measuring orthogonal polarization components that is 

essential for maintaining long-term polarimetric accuracy. 

Scene earthshine is reflected through a polarization 

scrambler consisting of birefringement wedges that

spatially vary the polarization state across the apertures of

all six optical assemblies and effectively produce near 0%

polarized output. The polarimetric calibration

measurements are collected each scan by sequential

viewing of the inflight calibrator.  This implementation

requires no moving parts other than normal scanning motion.

Figure 2.4:  RSP Scanner with Inflight Calibrator on the left 

Channel Dark Values:  Knowledge of channel dark values is essential for accurate remote sensing of aerosols since

they directly affect signal determinations.  Accurate determination of dark levels is particularly critical for polarimetric

measurements due to the high polarimetric accuracy requirements.  All RSP signal channels are simultaneously dc-

restored during the scanner backscan where the scanner views effectively a zero-radiance zone.  Multiple dark samples

for inclusion in the data file are collected each scan both before and after the dc-restoration while viewing the zero-

radiance zone.

Instrument Calibration: The RSP undergoes characterization including calibration during the fabrication cycle at

various sub-assembly levels and at final assembly. Characterization uses a standard laboratory radiometric,

spectrometric and field of view test equipment together with specialized equipment for the polarimetric calibrations1.

Solar-illuminated SpectralonTM viewed with and without a polarization scrambler is used preflight and/or post-flight

for verifying polarimetric calibration stability.  The redundant measurements of intensity in each spectral band by the

paired optical assemblies allows constant monitoring of instrument stability.  The long-term stability is further
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enhanced by the use of Wollaston prisms for the polarization separation and spectral filters fabricated with ion-assisted

deposition for the spectral definition.

Table 2.1:  Research scanning polarimeter performance summary

Parameter Performance

Polarization Accuracy (%) <0.2

Radiometric Accuracy (%) <5.0

Dynamic Range >104

Signal-to-Noise Ratio >2000 (with R=0.3) 

Spectral Characteristics See adjacent table

Field of View >90O

Instantaneous FOV 14 mrad 

Photodiode Detector Type:

Visible/NIR

Shortwave IR (temperature) 

Silicon

HgCdTe (165K)

SWIR Detector Cooling LN2 dewar 

Data Rate <20 kbytes/sec

Size, W x L x H (cm) 40 x 64 x 34 

Mass (kg) <20

Power (watts) <20 w/o heaters

Band

ID
c

(nm) (nm)

Wavelength

Type
Purpose

V1 410 27 Visible Aerosol Retrieval

V2 470 20 Visible Aerosol Retrieval

V3 555 20 Visible Aerosol Retrieval

V4 670 20 Visible Aerosol Retrieval

V5 865 20 Near-IR Aerosol Retrieval

V6 960 20 Near-IR H20 Vapor Detection 

S1 1590 60 Shortwave-IR Aerosol Retrieval

S2 1880 90 Shortwave-IR Cirrus Cloud Screen

S3 2250 130 Shortwave-IR Aerosol Retrieval

3. AEROSOL REMOTE SENSING

The principal difficulty in retrieving aerosol loadings and microphysical properties using passive remote sensing

measurements over land surfaces is the significant spectral and spatial variations in the observed intensities that are

caused by the land surface. Over the ocean this spectral contrast is less of a problem and can be minimized by using

near infrared (NIR) bands. However, the variability in aerosol microphysical properties is sufficient that extrapolation 

of aerosol estimates to the visible from the NIR using measurements from a single view are not always sufficiently

accurate, even over the ocean, because the actual aerosol properties may be significantly different from those that are

assumed in the extrapolation. For example, corrected radiances for ocean color applications can become negative 

because of errors in extrapolating NIR measurements to the blue/UV.

There are therefore two problems associated with aerosol remote sensing. The first is correctly adjusting the 

retrieval for surface properties. The second is quantifying, reducing, or eliminating the non-uniqueness present in

retrieving aerosols properties from remotely sensed polarized radiances.

3.1 Over land

We will discuss the problem of eliminating the surface contribution to aerosol retrievals in the context of aerosol

retrievals over land. This is because for the majority of oceans the spectral albedo can be parameterized as a function of

wind speed and chlorophyll concentration and these parameters can be retrieved as part of the aerosol retrieval

providing spectral bands are appropriately chosen.

Over land the unique and highly variable spectral signatures of land surfaces and their rapid spatial variations are of

considerable value in geological prospecting and crop identification and evaluation 2, but present a problem in

determining the aerosol load above them.  The polarized light reflected by surfaces may also be of use in remote

sensing of the surface, being indicative of its roughness, or in the case of vegetation its leaf inclination distribution 3. It

is believed that this polarization is generated at the surface interface and this hypothesis has been used to develop

theoretical models 4 for the polarized reflectance of vegetation and of bare soils. The fact that most surface polarization 

is generated at the surface interface and that the refractive index of natural targets varies little within the spectral

domain of interest suggests that surface polarized reflectance will be spectrally neutral. 

If this is the case, then the use of a measurement at a sufficiently long wavelength that the aerosol load is negligible

could be used to characterize and correct for surface polarization effects at the shorter wavelengths. Such an approach

has also been suggested for use with intensity measurements 5 based on the observation that the surface reflectance at

450 and 670nm is correlated with the reflectance at 2250nm for many surface types. The shorter wavelengths can then 

be used to estimate the aerosol load and microphysical properties, for example size and refractive index.  A theoretical 

examination of such an approach based on the assumption that the surface polarized reflectance is spectrally neutral has

been performed elsewhere 6.
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